Computational investigation of the photoinduced homolytic dissociation of water in the pyridine-water complex / Xiaojun Liu;Andrzej L. Sobolewski;Raffaele Borrelli;Wolfgang Domcke. -In: PHYSICAL CHEMISTRY CHEMICAL PHYSICS. -ISSN 1463-ISSN -9076. -15(2013, pp. 5957-5966.
resulting radical pair may dissociate to yield pyridinium and hydroxyl radicals. The photochemistry of the hypervalent pyridinium radical has been explored with the same computational methods. It has been found that a low-lying dissociative 2 πσ* excited state exists in pyridinium, which can lead to the photodetachment of the hydrogen atom. Overall, the H 2 O molecule can thus be dissociated into H • and OH
• radicals by the absorption of two ultraviolet photons. The relevance of these results for solar water splitting and solar carbon dioxide reduction are discussed.
Introduction
Pyridine (C 5 H 5 N, also abbreviated as Py in the following) is a prototypical aromatic base. In aqueous solution, the solvated pyridine molecule is in equilibrium with the pyridinium cation (C 5 H 5 NH + ), the pK a value of pyridine being 5.2 1 . The effects of hydrogen bonding of pyridine and substituted pyridines in dilute aqueous solutions have extensively been investigated with calorimetry and spectroscopy, see, e.
g., Refs. [2] [3] [4] and references therein. In gas-phase Py-H 2 O clusters, the lone pair of the N atom acts as the proton acceptor of a relatively strong and nearly linear N…HO hydrogen bond. The 1:1 pyridine-water cluster was characterized by infrared (IR) spectroscopy in the gas phase as well as in rare-gas matrices 5, 6 . The structure and the vibrational frequencies of the electronic ground state of the Py-H 2 O complex were characterized with computational methods 4, [7] [8] [9] [10] [11] [12] [13] . The mechanism of the protonation of pyridine in pyridine-water clusters with up to five water molecules was explored by 15 .
Motivated by the conclusion of Baba et al. 16 that the pyridine-water hydrogen bond may be broken in the 1 nπ* excited state of pyridine and the diazines, the effect of the n → π* excitation of pyridine on the hydrogen bonding in the Py-H 2 O cluster has been investigated by Del Bene as well as by Cai and Reimers with ab initio methods 7, 12, 17 . These calculations indicate that the linear N…HO hydrogen bond prevailing in the electronic ground state is weakened in the 1 nπ* excited state and a hydrogen bond of the H 2 O molecule with the π system of pyridine has a higher binding energy 17 . On the other hand, ab initio calculations of the excited-state potential-energy surfaces of the pyridine-ammonia complex with the CC2 coupled-cluster (CC) method 18 predicted the existence of ammonia-to-pyridine charge-transfer states of 1 nπ* and 1 ππ* character, which are strongly stabilized in energy by the transfer of a proton from ammonia to pyridine 19 . transfer reaction was estimated to be low, providing an explanation for the quenching of fluorescence and the observation of photohydration products of pyridine in aqueous solutions 17 .
The present investigation is part of our search for simple organic chromophores which potentially could serve as catalyzers for the direct photochemical homolytic splitting of water [22] [23] [24] . An ideal photocatalyzer, say A, should be a strong absorber in the visible range of the spectrum, should exhibit a sufficiently long excited-state lifetime and should be able to abstract a hydrogen atom from a water molecule according to the reactions
If the H • radical could be detached from the hypervalent radical AH • by the absorption of an additional photon with increasing number of water molecules in the clusters, it is important to assess the reliability of comparatively cheap electronic-structure methods for the description of excited-state electron/proton-transfer reactions.
Computational methods
The ground-state equilibrium geometry of the Py-H 2 O complex was determined with the second-order Møller-Plesset (MP2) method. Excitation energies, excited-state reaction paths and energy profiles were calculated with the complete-active-space self-consistent-field (CASSCF) method 26 and the CASPT2 (second-order perturbation theory with respect to the CASSCF reference) method 27 . In addition to these MCSCF and MRPT methods, the approximate second-order singles-and-doubles 34, 35 , making use of the resolution-of-the-identity (RI) approximation 36 for the evaluation of the electron-repulsion integrals. The CASSCF and CASPT2 calculations were performed with the MOLPRO program package 
Vertical excitation energies
The vertical excitation energies of the lowest 1 ππ* state and the lowest 1 nπ* state of the Py-H 2 O complex are given in Table 1 Let us first discuss the CASSCF energy profiles (Fig. 3a) . Returning to the CASSCF results (Fig. 3a) , a conical intersection of the 1 nπ* and 1 ππ* locally-excited states has been determined at the CASSCF level. It is located at R OH ≈ 0.95 Å and 6.0 eV above the ground-state energy minimum and is represented by the blue star in Fig. 3a . The molecular structure of this conical intersection is shown in Fig. 4a . The length of the hydrogen bond (R NH ) at this conical intersection is 2.184 Å, which is only slightly larger than the hydrogen bond length of the ground-state equilibrium geometry. In addition, a saddle point could be found at the The conical intersection of the 1 nπ* charge-transfer state with the electronic ground state (see Fig. 3a ) is a symmetry-allowed intersection (a crossing of A' and A'' states) in C s symmetry, while the crossing of the 1 ππ* charge-transfer state with the S 0 state is a same-symmetry intersection. When the symmetry is relaxed to C 1 , the two 2-state intersections coalesce to a 3-state conical intersection, which is represented by the red star in Fig. 3a . The molecular geometry of this 3-state conical intersection is displayed in Fig. 4c . The hydrogen bond length (R OH ) of this biradical structure is 40 A quantitative calculation of the branching ratios at the conical intersections is required for the estimation of the quantum yields, which is beyond the scope of the present work.
3.2.Photochemistry of the pyridinium radical

Structure and excited states of pyridinium
The equilibrium geometry of the PyH The vertical excitation energies of the PyH • radical at the equilibrium geometry of the ground state are given in states. We are not aware of other computational or experimental data for the excitation energies of the pyridinium radical.
Reaction path for the excited-state hydrogen-detachment process
The PE profiles for the rigid detachment of the hydrogen atom from the NH group of the pyridinium radical, calculated with the CASSCF and CASPT2 methods, are shown in Fig. 8 . All internal coordinates, except the NH distance, have been kept Fig. 8 ).
The 2 π # σ* energy profiles occurs at R NH ≈ 1.47 Å at the CASSCF and CASPT2 levels (see Fig. 8 ), which is somewhat larger than the CASSCF-optimized geometry of the conical intersection. This reflects the fact that the energy curves in Fig. 8 were calculated for a rigid detachment of the H-atom rather than along a relaxed path.
The energy profiles for rigid hydrogen detachment in the PyH • radical were also calculated with the ADC(2) method to test the performance of this method. The results are given in Fig. 9 . Comparing the ADC(2) energy profile of the 2 π # σ* state in Fig. 9 with the CASPT2 energy curve in Fig. 8 , it is seen that ADC (2) Since the photoexcitation of pyridine to the 1 ππ* state requires UV light (λ ≈ 250 nm), pyridine is not a suitable photocatalyzer for solar water splitting. However, the excitation energies of 1 ππ* states of aromatic systems can be lowered simply by the extension of the conjugated bond system. Acridine (C 13 H 9 N), for example, has a pK a of 5.6 which is similar to that of pyridine and absorbs at ≈ 360 nm. Acridine orange (N,N,N',N'-tetramethylacridine-3,6-diamine) has the absorption maximum at ≈ 500 nm, already in the visible spectral range. In contrast to the band gap of semiconductors, the excitation energies of aromatic dyes can easily be tuned over a wide range. If the excitation energies of the water-to-chromophore charge-transfer states in such hydrogen-bonded complexes can also be lowered such that they are accessible after 1 ππ* excitation of these chromophores, these dyes will catalyze the 
The photocatalyzer pyridine is recovered by these dark reactions. The reduction of CO 2 to formic acid and methanol by the pyridinium radical has recently been demonstrated in electrochemical experiments, in which PyH • radicals were generated by the neutralization of pyridinium cations 42, 43 .
If the PyH • radical in these reactions could be replaced by an reducing agent AH
• which can be obtained by homolytic water splitting in an A-H 2 O complex which 
